Objective-We investigated the effects of fluvastatin on hypoxia-induced (1 to 3 weeks, 10% O 2 ) pulmonary hypertension with focus on endothelial nitric oxide synthase (eNOS) activity. Methods and Results-Oral fluvastatin treatment (1 mg/kg daily) prevented the causing and progression of pulmonary hypertension as determined by the right ventricular pressure, right ventricular hypertrophy, and muscularization of pulmonary artery. We also revealed that fluvastatin treatments prevented the hypoxia-induced decrease in cGMP production in the rat lung and restored the endothelium-dependent relaxation in the pulmonary artery. We revealed that this beneficial effect was not dependent on the increase in eNOS mRNA or protein expression, but was dependent on the inhibition of the eNOS-tight coupling with caveolin-1, the eNOS dissociation from heat shock protein 90, and the decrease in eNOS Ser 1177 -phosphorylation induced by hypoxia. Furthermore, in a whole-mount immunostaining the hypoxia-induced eNOS protein condensation with caveolin-1 of pulmonary endothelial cells was restored by the fluvastatin-treatment.
H ypoxia commonly occurs in patients with cardiopulmonary disease and in normal individuals at high altitudes. Chronic hypoxia causes sustained pulmonary hypertension, which is characterized by elevated pulmonary arterial pressure, in association with right ventricular hypertrophy, polycythemia, and pulmonary vascular muscularization. Various forms of pulmonary hypertension pose a significant medical problem and the current options for effective prevention and therapy are limited. 1, 2 There is evidence that endothelial dysfunction is intimately involved in the onset and progression of pulmonary hypertension through abnormalities in the production, release, or degradation of endothelium-derived factors, primarily nitric oxide (NO) and endothelin-1. 3, 4 In fact, endothelial NO synthase (eNOS) is a candidate gene for vascular genetherapy in pulmonary hypertension. 5 eNOS activity is regulated by a variety of factors such as eNOS-caveolin-1 and eNOS-heat shock protein 90 (HSP90) interactions, 6, 7 and eNOS Ser 1177 -phosphorylation by serine/threonine kinase Akt. 6, 8 In a previous study, we clarified the mechanisms responsible for the impairment of endothelium-dependent NO production at the eNOS post-transcriptional level in pulmonary hypertension using pulmonary arteries isolated from hypoxia-induced pulmonary hypertensive rats. 9 Notably, the level of eNOS Ser 1177 -phosphorylation, which is an index of eNOS activation, was decreased in hypoxic pulmonary arteries, and that may be mediated by the tight coupling between eNOS and caveolin-1.
Statins, 3-hydroxyl-3-methylglutaryl coenzyme A (CoA) (3-hydroxy-3-methylglutaryl [HMG]-CoA) reductase inhibitors, have been developed as lipid-lowering drugs. 10 However, recent experiments and clinical trials have demonstrated that statins also exert vasculoprotective effects independent of their cholesterol-lowering effects. 10 -12 Although the mechanisms underlying the pleiotropic effects of statins are not completely understood, several studies have suggested that statins may improve endothelial function through NOdependent pathways. [12] [13] [14] Other recent studies have reported that statins may have potential use in the treatment of pulmonary hypertension. 15, 16 However, the detailed mechanisms of this beneficial effect have not yet been clarified.
The aim of this study was to determine whether an HMG-CoA reductase inhibitor, fluvastatin, could prevent hypoxia-induced pulmonary hypertension by protecting against eNOS dysactivity at the post-transcriptional level. Our results showed that fluvastatin exerts beneficial effects on chronic hypoxia-induced pulmonary hypertension through its protective effect on endothelial NO production.
Materials and Methods

Materials
The chemicals used were anti-eNOS, anti-HSP90, anti-Akt, and anti-phosphorylated Akt (at Ser 473 ) antibodies (BD Transduction Laboratories), anti-phosphorylated eNOS (at Ser 1177 ) antibody (New England Biolabs), and anti-caveolin-1 antibody (Santa Cruz Biotechnology).
Animal and Treatments
Sprague-Dawley rats were obtained from Charles River Breeding Laboratories (Yokohama, Japan) at 7 weeks of age. Rats were placed in transparent plastic chambers and adapted to normobaric hypoxia by gradually decreasing the oxygen concentration to 10% to 11% over a period of 1 week. After adaptation, rats were exposed to an additional 1 week or 3 weeks of hypoxia. Normoxic rats were housed in identical cages in the same room, and breathed room air for 1 week or 3 weeks. Fluvastatin (1 mg/kg) dissolved in 0.5% carboxymethyl cellulose solution was given orally to the rats once per day either 1 week before their exposure to hypoxia (10% to 11% O 2 ) (indicated as "Fluva" in Figure 1 ) or during the course (indicated as "post-Fluva" in Figure 1 ) of their exposure to hypoxia (1 week after the exposure to 10% to 11% O 2 ). The control group received only the solvent.
Morphological Examination
After the perfusion of 4% paraformaldehyde and paraffinembedding, lungs were sectioned into 4-m-thick sections, and the sections were stained with hematoxylin and eosin (HE). Photo images were captured of each lung section (6 fields each from 5 animals), and measurements of arterial diameter were obtained using an image-processing program (Image 1.55; National Institutes of Health). Vessels with an external diameter of between 100 m and 200 m were selected, and the wall thickness was calculated. The percent wall thickness was calculated based on analysis of the diameter, according to the following formula: Diameter (%)ϭ([diameter ext Ϫdiameter int ]/diameter ext ) ϫ100. Dimensions were demarcated by the external (ext) and internal (int) elastic laminae.
Blood Pressure and Electrocardiograph
Each rat was anesthetized with sodium pentobarbital (35 mg/kg, intraperitoneal). To record the systemic arterial pressure (P syst ), the left femoral artery was isolated and cannulated with a polyethylene catheter. The mean P syst was recorded in spontaneously breathing rats as the heart was being monitored with an electrocardiograph (ECG). The trachea was cannulated and attached to a Harvard rodent ventilator delivering room air at a respiratory frequency of 70/min. The chest was opened by median sternotomy, and a catheter was punctured into the right ventricular. The mean right ventricular pressure (P RV ) was also measured via a polyethylene catheter.
Tissue Procession
The heart and lungs were removed en bloc, and lungs were used for the experiments including cGMP measurement, RT-polymerase chain reaction, and Western blot. In the other experiments (wholemount immunostaining and muscle tension), the right and left main intrapulmonary arteries, Ͻ1.5 mm diameter, were dissected from the lungs and used.
Measurement of cGMP Content
We measured the cGMP content indicating the NO production in rat lung. After dissection, the lungs were immediately frozen in liquid nitrogen (LN 2 ) and homogenized in 6% trichloroacetic acid solution as previously described. 9, 17 After centrifugation, the supernatants were applied to a cGMP enzyme-immunoassay system (Amersham Pharmacia), whereas the pellets were used to determine protein content.
Immunoprecipitation and Western Blot
Immunoprecipitation and Western blotting were performed as described previously. 9 Briefly, the lungs were homogenized, and centrifuged, and the supernatant was used for Western blot analysis to measure the eNOS and phospho-Ser 1177 eNOS protein expression. Equal amounts (80 g) of protein from the total homogenates of the lungs were loaded on the SDS-PAGE. In the immunoprecipitation experiments, the supernatant was incubated with anti-eNOS polyclonal antibody following immunoprecipitation with protein A (Amersham Pharmacia). The immunoprecipitated protein were loaded and subjected to Western blot analysis to detect eNOS-bound caveolin-1 or HSP90. And in each experiment, to ensure that the equal amounts of proteins were loaded, we confirmed that the same densitometric intensities of actin were observed in each preparation. The densitometric intensity was quantified by NIH Imaging 1.55.
Whole-Mount Immunostaining
Whole-mount immunostaining was performed as reported previously. 9 Briefly, the arterial rings were cut, opened, and fixed with 4% paraformaldehyde. The fixed arteries were incubated in 0.3% Triton X-100 and 10% normal goat serum dissolved in phosphate-buffered saline and then probed with primary antibody. The images were captured using a Carl Zeiss confocal laser scanning microscope LSM510 imaging system (ϫ630). Five-m-thick images from the endothelial cell surface were digitized under constant exposure time, gain, and offset (4 fields each from 5 animals). After capturing the images, we measured protein colocalization by counting the pixels of red and green merged signals and the cell area by a LSM510 program.
Muscle Tension
The vascular muscle tension was recorded as in a previous article. 9 Briefly, the muscle tension was recorded isometrically with a force-displacement transducer under a resting tension of 10 mN. At the end of the experiment, 100 mol/L papaverine was added to determine the basal tone. Data are shown as the percent relaxation of the steady-state precontraction.
Statistical Analysis
The results of the experiments are expressed as meansϮSEM. Statistical evaluation of the data were performed by unpaired Student t test for comparisons between 2 groups, and by 1-way analysis of variance (ANOVA) followed by Dunnett's test for comparisons between Ͼ2 groups. A value of PϽ0.05 was regarded as significant.
Results
Cardiac Weight and Muscularization of Distal Pulmonary Artery
The degree of arterial remodeling (arterial medial thickness) of the distal pulmonary arteries ranging from 100 to 200 m in outer diameter was significantly elevated by hypoxic exposure, and was worsened with age ( Figure 1A-1 ; typical photo, A-2; summary; nϭ5, 18 vessels from each rat).
Fluvastatin treatment at 1 mg/kg daily resulted in significantly lower medial thickness indexes of the distal pulmonary arteries compared with those in the hypoxic control; Fluvastatin had no such significant protective effects against the pulmonary hypertension at the lower dose (0.3 mg/kg daily treatment, data not shown, nϭ4) or at the lower frequency of administration (0.3 to 3 mg/kg at 2-day intervals, data not shown, nϭ4), which may be explained by its short half-life. 18 However, treatment with 3 mg/kg daily fluvastatin did not result in an additional improvement over treatment with 1 mg/kg daily fluvastatin; the 3-week hypoxic elevation in wall thickness diameter was decreased from 21.2Ϯ0.5 to 17.8Ϯ0.3% (nϭ5 each).
As expected, the right ventricular weight indexes (RV/ LVϩS) were increased in the 3-week hypoxic control rats compared with the 3-week normoxic controls, indicating right ventricular hypertrophy ( Figure 1B ; nϭ8 each). The elevation in RV/LVϩS was reduced by 1 mg/kg daily fluvastatin administration (nϭ8).
The effects of fluvastatin administered 1 week after the hypoxic (10% to 11% O 2 )-exposure were also examined. As demonstrated in Figure 1 
Right Ventricular Pressure, Systemic Blood Pressure, and ECG
As shown in Figure 2A -1, P RV was higher in rats exposed to 3-week hypoxia than in age-matched normoxic rats (nϭ4 each). The chronic administration of fluvastatin (1 mg/kg daily) to hypoxic rats attenuated the hypoxic elevation of P RV (nϭ4). In normoxic rats, 1 mg/kg daily fluvastatin did not affect the P RV . One mg/kg daily fluvastatin treatment did not change P syst both in normoxic and hypoxic rats (nϭ4 each, Figure 2A -2).
An ECG shows the increase in R-wave amplitude by chronic hypoxia, which suggests right ventricular hypertrophy and hypertension (3-week normoxic control; 0.67Ϯ0.03 mV, 3-week hypoxic control; 1.03Ϯ0.06 mV, nϭ5 each), and 1 mg/kg daily fluvastatin treatment inhibited the hypoxiainduced increase in the R-wave amplitude (3-week hypoxic fluvastatin; 0.85Ϯ0.03 mV, nϭ5).
cGMP Levels
We measured the cGMP content to estimate the NO production in rat lung (Figure 2B-1; 1-week and 2B-2; 3-week), and confirmed the significant decrease in NO production in 1-and 3-week hypoxic control rats (nϭ5 each). In hypoxic rats, 1 mg/kg daily fluvastatin-treatment restored the cGMP content to the similar levels to that of normoxic control rats (nϭ5 each).
eNOS Protein Expression and eNOS Phosphorylation
We examined the eNOS protein expression and eNOS Ser 1177phosphorylation. Initially, we checked both of chronic hypoxia and fluvastatin treatments do not affect the actin protein expression ( Figure 3A-1, nϭ6 each) . The amount of eNOS protein expression did not change among the 1-week normoxic control, hypoxic control, normoxic fluvastatin-treated, and hypoxic fluvastatin-treated lungs ( Figure 3A-1, nϭ5  each) . In the 1-week normoxic control lung, Ser 1177 -phosphorylated eNOS was detected at a resting condition. One-week hypoxia abolished the eNOS phosphorylation, and 1 mg/kg daily fluvastatin-treatment recovered the decrease of the phosphorylation by hypoxia ( Figure 3A-2, nϭ5 each) .
In the 3-week hypoxic control rat lung, the eNOS protein expression was increased to 1.86Ϯ0.18 of the age-matched normoxic control rat lung ( Figure 3B-1, nϭ4 each) . In the 3-week hypoxic fluvastatin-treated rat lung, the amount of eNOS proteins expression was significantly greater than in the age-matched normoxic control (1.40Ϯ0.20 of the nor-moxic control, nϭ5), but the amount was inferior to that of the hypoxic control. However, in the 3-week hypoxic control rat lung, the amount of phosphorylated eNOS was slightly less than the normoxic control (0.83Ϯ0.15 of normoxic control; Figure 3B -2, nϭ5), and in the hypoxic fluvastatintreated rat lung, the amount of phosphorylated eNOS protein was increased to 1.22Ϯ0.19 of the normoxic control (nϭ5).
Interaction of eNOS With Caveolin-1 and HSP90 Proteins
We next investigated the interaction of eNOS with caveolin-1 or HSP90 using immunoprecipitation procedure (Figure 4 ). Both in the 1-week and 3-week hypoxic lung, tight coupling between eNOS and caveolin-1 (1-week; 1.81Ϯ0.14, 3-week; 1.70Ϯ0.13 of the normoxic control, Figure 4A-1 , B-1, nϭ5 each) and dissociation of HSP90 from eNOS (1-week; 0.20Ϯ0.07, 3-week; 0.70Ϯ0.17 of the normoxic control, Figure 4A -2, B-2, nϭ5 each) were observed. One-week and 3-week 1 mg/kg daily fluvastatin treatment significantly improved the hypoxia-induced impairment in eNOScavelin-1 interaction (1-week; from 1.81Ϯ0.14 to 1.11Ϯ0.15, 3-week; from 1.70Ϯ0.13 to 1.07Ϯ0.14, nϭ5 each) and eNOS-HSP90 interaction (1-week; from 0.20Ϯ0.07 to 1.03Ϯ0.17, 3-week; from 0.70Ϯ0.17 to 1.120Ϯ0.20, nϭ5 each).
Akt Phosphorylation
We also examined the effects of 1-week and 3-week hypoxia in the presence or absence of fluvastatin (1 mg/kg daily) on the amount of Akt Ser 473 phosphorylation in the rat lung ( Figure 4A-3 , B-3, nϭ5 each), but no differences were observed in any of the lungs.
Localization of eNOS Protein in Endothelial Cell
The localization of eNOS on the caveolae in the plasma membrane in endothelial cells is considered to be important for its activation. 7 Figure 5A and 5B show the immunohistochemical images demonstrating the intracellular localization of eNOS and eNOS inhibitory protein, caveolin-1, in the endothelium. eNOS was located on the plasma membrane in the 1-week ( Figure 5A ) or 3-week ( Figure 5B ) normoxic control, hypoxic control, normoxic fluvastatin-treated, and hypoxic fluvastatin-treated pulmonary arteries. The endothelial cells were closely blocked together like cobblestones in the 1-and 3-week normoxic arteries. In the 1-week hypoxic arteries, however, many endothelial cells were shriveled, and the eNOS protein was condensed on the periphery of the cell membrane (normoxic control; 8.2Ϯ1.0%, hypoxic control; 12.9Ϯ1.0% eNOS colocalized with caveolin-1, nϭ12 each; PϽ0.01). Fluvastatin-treatment (1 mg/kg daily) restored these morphological changes (normoxic fluvastatin-treated; 8.1Ϯ1.1%, hypoxic fluvastatin-treated; 8.8Ϯ1.3% eNOS colocalized with caveolin-1; 20 endothelial cells from each mouse, nϭ5 each; PϽ0.01). We also counted the endothelial cell number per area. In all of the 1-week endothelium, there was no significant difference (normoxic control; 3.41ϫ10 3 Ϯ0.03ϫ10 3 , hypoxic control; 3.36ϫ10 3 Ϯ0.02ϫ10 3 , normoxic fluvastatin-treated; 3.45ϫ10 3 Ϯ0.02ϫ10 3 , hypoxic fluvastatin-treated; 3.42ϫ10 3 Ϯ 0.02ϫ10 3 /mm 2 , nϭ12 each). In the 3-week hypoxic control arteries, many endothelial cells were blocked together very tightly and directed along the blood flow (longitudinally), and these changes may reflect the high blood pressure. The number of endothelial cells per unit area of the 3-week hypoxic control arteries increased from 3.35ϫ10 3 Ϯ0.07ϫ10 3 (normoxic control) to 4.71ϫ10 3 Ϯ0.12ϫ10 3 /mm 2 (hypoxic control, nϭ5, PϽ0.01) . In the 3-week hypoxic fluvastatin-treated (1 mg/kg daily), the endothelial cells showed intermediate changes between 3-week normoxic and hypoxic control pulmonary arteries, and the number of endothelial cells per unit area of the 3-week hypoxic control arteries increased to 3.89ϫ10 3 Ϯ0.16ϫ10 3 /mm 2 (nϭ4).
Endothelium-Dependent Relaxation in Rat Pulmonary Artery
In the pulmonary arteries with endothelium isolated from 1or 3-week normoxic controls, hypoxic controls, fluvastatintreated (1 mg/kg daily) normoxic rats, and fluvastatin-treated (1 mg/kg daily) hypoxic rats, the cumulative addition of phenylephrine (1 nmol/L-10 mol/L) induced similar concentration-dependent contractions (nϭ4 each; data not shown).
In these arteries, carbachol (0.01 to 30 mol/L) caused relaxation of the contraction elicited by 100 nmol/L phenylephrine in a concentration-dependent manner. In the 1-or 3-week hypoxic control pulmonary arteries, however, the relaxation induced by 30 mol/L carbachol was significantly smaller than that in the age-matched normoxic control pulmonary arteries ( Figure 6A and 6B ). Fluvastatin treatment (1 mg/kg daily) significantly restored these impairments of relaxation (nϭ5 each).
Discussion
In the present experiments, we found that daily oral administration of fluvastatin (1 mg/kg⅐daily) prevented hypoxiainduced right ventricular hypertension, hypertrophy, increase in R-wave amplitude in ECG, and medial layer hypertrophy of the distal pulmonary artery. Systemic hypotension is a severe side effect of most vasodilator treatments for pulmonary hypertension. Rhabdomyolysis and chemically induced liver disease are well known, severe side effects of long-term fluvastatin administration. 18 At the 1 mg/kg daily dosage, a 3-week treatment with fluvastatin attenuated the increase in right ventricular pressure without alteration in systemic arterial pressure. Also serum CPK levels, an indicator of rhabdomyolysis, and serum AST and ALT, the indicators of liver disease either in hypoxic or normoxic rats remained normal (Table I , available online at http://atvb.ahajournals.org). Consequently, we decided to further investigate the mechanism of the effects of fluvastatin on pulmonary hypertension.
The beneficial effects of statins are predominantly attributed to their lipid-lowering effects. 19, 20 In the present study, however, the total serum cholesterol level was not changed by hypoxic exposure and/or fluvastatin treatment (Table I, online data). Therefore we can recognize that its beneficial effects on hypoxia-induced pulmonary hypertension is independent of cholesterol lowering, as other reports have suggested. 11, 21, 22 Moreover, elevated HCT indicates hypoxia-induced erythropoiesis and polycythemia, and increased blood viscosity was reported to elevate the P PA. 23 It was reported that simvastatin treatment over the course of 2 weeks (20 mg/kg daily intraperitoneally) partially inhibited the polycythemia normally seen in hypoxia-induced pulmonary hypertensive rats. However, in the present study, the hypoxia-induced increase in HCT was completely unaffected by fluvastatin treatment (Table I , online data). This indicates that the therapeutic effects of fluvastatin on hypoxia-induced pulmonary hypertension are associated with the other mechanisms.
Endothelium-derived NO contributes not only to the local regulation of vascular smooth muscle tone 24 but also to smooth muscle cell proliferation and inflammation. 25 Several reports have suggested that some of the beneficial effects of statins are caused by their independent, cholesterol-lowering effects on endothelial cells. 12, 13 Thus, in this study, we focused on the effects of fluvastatin on the eNOS-activating pathway in hypoxia-induced pulmonary hypertension. There are 3 subtypes of NOS (iNOS, eNOS, and nNOS), which synthesize NO. We did not confirm which subtype of NOS is mainly contributing for NO production in whole lung. But, recently, Alyson et al showed that eNOS has the most important role to keep pulmonary circulation comparing eNOS Ϫ/Ϫ , nNOS Ϫ/Ϫ , and iNOS Ϫ/Ϫ mice. 26 And our current results from whole lung cGMP measurement are consistent with the data that we got intrapulmonary through eNOS activation previously. 2, 9 Thus, our results that showed that fluvastatin recovered the cGMP decrease by chronic hypoxia may reflect eNOS activity in lung; further investigation is needed to clarify this point.
We next examined whether the beneficial effects of fluvastatin on NO generation are caused by the effect on eNOS mRNA transcription and/or stability ( Figure I , available online at http://atvb.ahajournals.org). In the 1-week hypoxic control rat lung, a slight increase in eNOS mRNA expression was observed with no change in protein expression. Several previous studies using various models reported that hypoxia either increased or decreased eNOS mRNA expression. 27, 28 This discrepancy is not yet clarified. It is well recognized that statins protect the vascular endothelium by stabilizing eNOS mRNA 22, 29 and causing an increase in circulating endothelial progenitor cells. 30 In this study, however, the 1-week fluvastatin administration did not increase the eNOS mRNA/ protein expression or endothelial cell number, when compared with the hypoxic control. Girgis et al also reported that simvastatin treatment did not change eNOS protein expression in chronic hypoxia-induced pulmonary hypertensive rats. 15 Taken together, these results suggest that neither eNOS mRNA/protein expression nor endothelial progenitor cells are essential for the therapeutic effect of fluvastatin on hypoxiainduced pulmonary hypertension. Especially in in vivo experiments, there are various complex mechanisms regulating eNOS expression, such as hemodynamic change and varying levels of expression of physiologically active substances such as vascular endothelial growth factor. Those factors may affect the phenomena to be confusing in the eNOS expression. Further detail investigation is required in each model to reveal these discrepancies.
We previously reported that chronic hypoxia (10% O 2, 1-week) induced the atrophy of endothelial cells and tight coupling of caveolin-1 to eNOS under both resting and carbachol-stimulated conditions. These changes blocked the eNOS activation process through binding of Ca 2ϩ -calmodulin, and HSP90 to eNOS, and eNOS Ser 1177 phosphorylation by serine/threonine kinase Akt in the pulmonary arterial endothelium. 2, 9 Based on these data, we examined the effects of fluvastatin on the eNOS-caveolin-1 and eNOS-HSP90 interaction and eNOS Ser 1177 -phosphorylation in the lung and localization of eNOS in pulmonary endothelial cells. We found that 1-and 3-week fluvastatin treatments prevented the hypoxia-induced tight coupling between eNOS and caveolin-1, dissociation of HSP90 from eNOS, and decreased the eNOS Ser 1177 -phosphorylation in the rat lung. An increased level of Akt phosphorylation has been reported after the statin treatment using isolated endothelial cells. 31 However, we found the Akt Ser 473 -phosphorylation level in lung homogenates from hypoxic pulmonary hypertensive rats with or without fluvastatin treatment. These results suggested that fluvastatin improved eNOS phosphorylation by some mechanism other than Akt activation. Except for the result of fluvastatin on Akt phosphorylation, we found inconsistent results in Akt phosphorylation without fluvastatin treatment after hypoxia from our previous study. There we reported a decrease in Akt phosphorylation after hypoxic exposure using rabbit organ-cultured pulmonary artery. 2 Akt is expressed to express in various cell types including smooth muscle cell and endothelial cells. Thus, there is possibility that these differences in Akt phosphorylation are caused by differences in tissue, experimental model, and/or treatment time course. Again, further experiments are needed to clarify this point. Immunohistochemical study further revealed that fluvastatin inhibited the hypoxia-induced eNOS protein condensation with caveolin-1. This is especially prominent in 1-week hypoxic pulmonary endothelium. In addition, fluvastatin treatment improved the hypoxia-induced impairments of endothelium-dependent relaxation stimulated with carbachol. These findings suggest that fluvastatin prevents the hypoxiainduced abnormal interaction between eNOS and caveolin-1.
In whole-mount immunostaining, it was found that a 3-week period of hypoxia increased the number of endothelial cells per unit area, and increased eNOS mRNA and protein expression. In addition, accompanying these compensatory responses to chronic hypoxia, the cGMP content, eNOS Ser 1177 -phosphorylation, and carbachol-induced endothelium-dependent relaxation partially recovered in the 3-week hypoxic rats, as was reported in our previous study. 9 These phenomena strongly indicate the possibility that the body may compensate for the hypoxia-induced pulmonary endothelial dysfunction by increasing eNOS expression and the number of endothelial cells via angiogenesis and vasculogenesis. Further investigation is needed to clarify the mechanisms involved.
In a previous study, we revealed that chronic hypoxia impairs endothelium-dependent relaxation without changing eNOS mRNA or protein expression, and specifically causes atrophy of endothelial cells and the condensation of eNOS protein into caveolae in the organ-cultured pulmonary artery. 2, 17 These results were consistent with those of our in vivo study using chronic hypoxia-induced pulmonary hypertensive rats. 9 These results suggest that the hypoxic organculture method can duplicate the endothelial dysfunction in hypoxia-induced pulmonary hypertension in vitro. As shown in the online data ( Figure II) , fluvastatin also improved the endothelial dysfunctions induced by chronic hypoxia in organ-cultured pulmonary arteries. In addition, the fluvastatin treatment prevented the condensation of eNOS into caveolin-1 (data not shown; nϭ4 each). These results strongly indicate that fluvastatin directly acts on pulmonary endothelium to prevent endothelial dysfunction in the hypoxia-induced hypertensive pulmonary artery.
Because endothelial NO production have been shown to play a key role in vascular reactivity and modulation of smooth muscle cell proliferation as well as inflammation, 4, 5, 25 at least, in part, the protective effects of statins on endothelium contribute to recover pulmonary hypertension. However, statins have been reported to have other mechanisms with therapeutic effects, such as the direct inhibition of smooth muscle cell proliferation and the reduction of platelet aggregation. 14, 18 Statins may prevent pulmonary wall thickness by direct inhibition of smooth muscle proliferation. All of them are of interest for their potential use in therapies for pulmonary hypertension.
In this study, we investigated the effects of fluvastatin on pulmonary hypertension, but other water-soluble and lipidsoluble statins may have additional effects on pulmonary hypertension. Further investigation will be needed to clarify these effects.
In summary, fluvastatin has a significant inhibitory effect on hypoxia-induced pulmonary hypertension without toxicity. Its beneficial effect is through protection of the eNOS-NO pathway from impairment by chronic hypoxia. A HMG-CoA reductase inhibitor could be a potential therapeutic agent for the treatment of patients with pulmonary hypertension.
